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SirT1 is an NAD-dependent histone deacetylase that regu-
lates gene expression, differentiation, development, and orga-
nism life span. Here we investigate the function of SirT1 in
human chondrocytes derived from osteoarthritic patients. Ele-
vation of SirT1 protein levels or activity in these chondrocytes
led to a dramatic increase in cartilage-specific gene expression,
whereas a reduction in SirT1 levels or activity significantly low-
ered cartilage gene expression. SirT1 associated with the carti-
lage-specific transcription factor Sox9, enhancing transcription
from the collagen 2(�1) promoter in a Sox9-dependent fashion.
Consistent with this association, SirT1 was targeted to the col-
lagen 2(�1) enhancer and promoter, which in turn recruited the
coactivators GCN5, PGC1�, and p300. This led to elevated
marks of active chromatin within the promoter; that is, acety-
lated histoneK9/K14 and histoneH4K5 as well as trimethylated
histone H3K4. Finally, alterations in the NAD salvage pathway
enzyme nicotinamide phosphoribosyltransferase led to changes
in NAD levels, SirT activity, and cartilage-specific gene expres-
sion in human chondrocytes. SirT1, nicotinamide phosphoribo-
syltransferase, andNADmay, therefore, provide a positive func-
tion in human cartilage by elevating expression of genes
encoding cartilage extracellular matrix.

Transcriptional control over cartilage-specific gene expres-
sion plays a critical role in maintenance of the chondrocyte
phenotype (1). Much effort has, therefore, gone into the char-
acterization of chondrocyte-specific transcription factors such
as Sox9, -5, and -6 (28). However, it is likely that other factors
such as chromatin-modifying enzymes play important roles in
controlling cartilage-specific gene expression. Chromatin-
modifying enzymes, which include the histone acetyltrans-
ferases (HATs)2 and the histone deacetylases (HDACs) can act

as potent transcriptional coactivators and corepressors, respec-
tively, for a variety of genes (2). HATs modify the core histones
through acetylation of lysine residues, thereby relaxing chro-
matin for transcription initiation and elongation (3). HDACs
remove the acetyl groups, leading to chromatin condensation
and transcriptional repression (4). Additionally, acetylation
and deacetylation of transcription factors provide another level
of regulation over gene expression (2).
In some contexts HDACs are more sensitive to environmen-

tal or developmental cues than the HATs and can provide a
regulatory role in transcription. In this regard, HDACs have
been demonstrated to control both cell proliferation and differ-
entiation through the deacetylation of transcription factors,
cytoplasmic proteins, and histones (5, 6). AlthoughHDACs are
critically involved in diverse biological processes, their function
in chondrocyte biology and cartilage diseases have only recently
been explored. Recent work indicates that inhibition ofHDACs
reduces the expression of matrix metalloproteinase in chon-
drocytes and fibroblasts (7) and, therefore, inhibits arthritis
progression in animal models (8, 9). Additionally, it has been
demonstrated that HDAC4, a Class II enzyme, plays a critical
role in the onset of chondrocyte hypertrophy during endochon-
dral ossification (10). It would appear then that HDACs regu-
late genes involved in both inflammation and chondrocyte dif-
ferentiation. Given that there are more than 18 HDAC genes
distributed in at least four different classes, it is likely that mul-
tipleHDACswill affect the growth, differentiation, and survival
of chondrocytes via transcriptional regulation of cartilage-spe-
cific genes.
Of particular interest with regard to cartilage biology are the

NAD-dependent Class III HDACs comprised of SirT1–7.
Within this group SirT1 has been extensively studied and is
known to play a crucial part in regulating cell differentiation,
proliferation, survival, and organism longevity (11, 12). Class III
HDACs yield nicotinamide (NAM) and O-acetyl-ADP-ribose
from NAD in the process of deacetylation. NAM thereby
becomes a potent feedback inhibitor of SirT1 by binding to a
unique site within the enzyme (11, 12). NAD can be generated
from NADH via intracellular dehydrogenase reactions as well
as by oxidative phosphorylation. Interestingly, theNAD salvage
pathway also plays a role in de novo production of NAD (13).
Through this pathway NAM regenerates NAD through the
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action of two salvage pathway enzymes, nicotinamide phospho-
ribosyltransferase (NAMPT) and nicotinamide mononucle-
otide adenyltransferase (14, 15). Because NAMPT is known to
have a rate-limiting affect on NAD production (16), evaluation
of its expression is important to our understanding the cells
metabolic state. These salvage pathway enzymes have been
known to extend cellular life span, likely through their indirect
effect on SirT1 activity (15, 17). Because nothing is knownof the
role SirT1, NAMPT, and NAD play in chondrocyte biology, we
have explored their functions in chondrocytes derived from
knee joints of osteoarthritic patients. The results obtained here
show that SirT1 participates in the activation of cartilage-spe-
cific gene expression and is dependent on the NAD/NAMPT
pathway.

EXPERIMENTAL PROCEDURES

Reagents, Cell Culture, and Transfections—Nicotinamide
and resveratrol were purchased from Sigma. FK866 was
obtained from the NIMHChemical Synthesis and Drug Supply
Program (NIH, Bethesda, MD). siRNAs for SirT1 were gener-
ated by Ambion (Austin, TX) and used according to the man-
ufacturers recommendations. Custom stealth NAMPT siRNA
was purchased from Invitrogen and used according to theman-
ufacturers recommendations. The Dual Reporter Luciferase
assay (Promega) was carried out to test transcription initiation
of the collagen 2(�1) promoter (pGL2col2A.cg). This plasmid, a
gift from Dr. M. Goldring, possesses the collagen 2(�1) pro-
moter and enhancer linked to a luciferase reporter (21). Human
chondrocytes were transfected with FuGENE 6 (Roche Applied
Science) in the presence of Opti-MEM (Invitrogen), reduced
serum media. 293 cells were transfected using ProFection cal-
ciumphosphate kit (Promega) and in accordancewith theman-
ufacturer’s instructions.
Human chondrocytes were isolated from the knees of osteo-

arthritic patients undergoing total knee arthroplasty, supplied
by the National Disease Research Interchange, Philadelphia,
PA. Isolation was carried out according to Derfoul et al. (39).
Cells were plated in 10-cm2 tissue culture dishes at a concen-
tration of 3 � 106 cells/dish and were grown to confluence
(passage 0 or P0). In our hands cartilagemarker gene expression
was maintained until about passage 4 at which time it declined.
Thus, our experiments herein utilized chondrocytes up to pas-
sage 4 (P4). Monolayer cultures of human chondrocytes were
maintained as previously described by Derfoul et al. (39).

All transfection experiments were initiated on 50% confluent
monolayer cultures. If not otherwise indicated, chondrocyte
transfections were carried out using the Amaxa Nucleofector
technology (Gaithersburg, MD) in accordance with manufac-
turer’s instructions.
Plasmids, Retroviral Infection, and Selection of Cell Lines—

The retroviral expression plasmids, pHanPuro, pHanPuro-
SirT1, and pHanPuro-SirT1-M(H355Y) were gifts of Dr. Vit-
torio Sartorelli (24). The SirT1 expression plasmid, pUSE-
SirT1 was purchased from Upstate (Charlottesville, VA). The
Sox9 expression plasmid pcDNA-Sox9 was a kind gift of Dr.
Benoit de Crombrugghe. Retrovirus was generated, and infec-
tionswere carried out as previously described (24, 40). Puromy-

cin-resistant (1 �g/ml) colonies were pooled from each infec-
tion condition and used in the subsequent experiments.
NAD Assay—The NAD levels were measured using a Bio-

Vision NAD assay kit according to manufacturers instructions
(Biovision, Mountain View, CA). NAD levels were calculated
according to the equivalent protein quantity (�g protein) per
data point.
SirT Activity Assay—SirT activity was determined using a

BIOMOL assay (PlymouthMeeting, PA) was used according to
manufacturers instructions, based on Borra et al. (41) with
slight modifications. Briefly, 1 �M trichostatin A was added to
the cell cultures 1 h before harvesting to block the class I, II, and
IV HDACs. Whole cell extracts were then generated as
described below with the addition of 1 �M trichostatin A. The
extracts were added (15 �l) to an opaque multiwell plate with 1
�M trichostatin A and 1 mM acetylated Fluor-de-Lys substrate.
As a negative control, 10 mM NAM was also added to some
extracts. The extracts were then swirled for 20 min at room
temperature, and the reactions were stopped by adding 50�l of
a developer solution supplemented with 1 �M trichostatin A
and 10 mM NAM (final concentrations). The plate was read
after a 10-min incubation at room temperature using a multi-
well fluorometer (excitation 360 nm, emission 460 nm). A
standard curve was generated using a deacetylated substrate
Fluor-de-Lys (ranging from 1 to 40 �M). Experimental values
are presented as pmol of converted substrate/�g of protein/
min. The negative controls (10 mM NAM) were subtracted
from each treatment to give the final values.
Chromatin Immunoprecipitation (ChIP) Analyses—Chro-

matin immunoprecipitation assays were carried out utilizing
the EZ-ChIP kit (Upstate Millipore, Boston, MA), according to
the manufacturers guidelines. After ChIP, DNA was extracted
using aQiaquick spin kit (Qiagen, Valencia, CA). PCR reactions
were carried out using ProofStart PCR kit (Qiagen).
RT-PCR Analysis—RNeasy RNA purification columns (Qia-

gen) were used to isolate RNA; 300 ng of RNA per reaction was
subjected to a one-step semiquantitative RT-PCR procedure
(Invitrogen). Gels supplemented with 1 �g/ml ethidium bro-
mide were subjected to densitometry using ImageJ Software.
Values were normalized to GAPDH. Primer sequences and the
predicted size of the PCRproducts are presented in supplemen-
tary Data (Table 1). RT-PCR was performed in triplicates on
two experimental repetitions (n � 6).

Real-time PCR reactions were carried out using 10 ng of
cDNA and Syber Green mix (Bio-Rad Laboratories, Hercules,
CA), as previously described by Derfoul et al. (39). Quantitative
analyses were performed using Bio-Rad iCycler software. Prim-
ers are specified in supplemental Table 1. For an additional
controlwe tested each set of experiments for expression of non-
lineage specific genes (collagen 1 (�1), fibronectin, NF�B (p65);
supplemental Figs. A–H).
Protein Analysis and Immunoblotting—Whole cell protein

extracts and immunoblotting procedures were carried out
according to Perkins et al. (42). Primary and secondary antibod-
ies used for immunoblotting, immunoprecipitation, and immu-
nocytology are specified in supplemental Table 2.
Immunohistochemical Analyses—Monolayer cells were cul-

tured in 6-well plates, rinsed with phosphate-buffered saline,
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and fixed in 4% paraformaldehyde for 10 min, and nonspecific
antibody binding was blocked for 30 min in goat serum. They
were then incubated with a 1:10 dilution of mouse anti-SirT1
primary antibody visualized using a broad-spectrum immuno-
histochemistry kit (Zymed Laboratories Inc., Carlsbad, CA).
Statistical Analyses—Statistical analysis was obtained using

one-way analysis of variance, assuming confidence levels of 95%
(p � 0.05) to be statistically significant. The least significant
difference (LSD) test was carried out to determine the differ-
ences between two equivalent treatments within a group,
assuming confidence levels of 95% (p � 0.05). Error bars indi-
cate the S.D. around the mean value of data point. The symbol
awas used to express statistical significance between SirT1 and
pHan, b was used for SirT1 and SirT1-M, and c was use for
pHan and SirT1-M. All transfections in the Col2-luciferase

assays were compared with DNA control, and statistical signif-
icance is indicated as *, LSD, p � 0.05. The asterisk (*) was also
used to express statistical significance in equivalent SirT1 tran-
sient transfection, reservatrol-treated cells, NAM-treated cells,
and siRNA transfection comparisons (LSD, p � 0.05).

The immunoblots, ChIP, and co-immunoprecipitation
assays represent two repetitions from two distinct cell lines or
cell sources (n� 4). The SirT activity and luciferase assays were
carried out in triplicate using 2 distinct cell lines generated from
different transfections or cell sources (n � 6). The scanned
RT-PCR presented in Figs. 1 and 2 were generated from 3 runs
of 2 distinct cell lines (n � 6). Supporting quantitative PCR
(qPCR) evidence for Figs. 1 and 2 are illustrated in the supple-
mental data for the equivalent experiments (n� 6, triplicates of
two cell lines/treatment).

FIGURE 1. Increased stable expression of SirT1 in OA chondrocytes leads to elevated cartilage-specific gene expression. Human OA chondrocytes were
infected with a vector control (pHan), SirT1, or SirT1-M expressing retrovirus, selected in puromycin and resistent colonies pooled. A, the pooled cells were
subjected to immunohistochemistry using a SirT1antibody. B, extracts generated from the cell lines in A were used for immunoblotting with a SirT1 or tubulin
antibody. C, cell extracts as in B were used in immunoblots with antibodies directed against AcH3K9 and 2MeH3K9. D, cell extracts as in B were tested for SirT
activity. E and F, RNA isolated from the control, SirT1 (E). and SirT1-M (F) cells was used in RT-PCR reactions with the indicated human primers. The graphs show
the -fold induction or repression of the indicated genes by SirT1 and SirT1M in relation to the levels of expression in the control cells (pHan). The error bars in
the graphs indicate S.D., and statistical significance is indicated by a and b (LSD, p � 0.05). The displayed immunoblots are representatives of four experiments.
RT-PCR was performed in triplicates for two experimental repetitions (n � 6). COMP, cartilage oligomeric matrix protein.
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RESULTS

Elevation of SirT1 Positively Affects Cartilage Gene
Expression—To test the hypothesis that cartilage-specific gene
expression in chondrocytes is affected by SirT1, osteoarthritic
(OA) human chondrocytes (P0-P2) were stably infected with a
SirT1 expressing retrovirus. The vectors expressed either wild-
type SirT1 or an enzymatically inactive mutant SirT1-M
(SirT1H355Y). The vector alone (pHan) was used as a control.
Immunohistochemistry assays (Fig. 1A) as well as immunoblot
assays (Fig. 1B) confirmed SirT1 and SirT1-M overexpression
and nuclear localization. As a test for SirT1 activity, the total
levels of AcH3K9, a known substrate for SirT1 (18), weremeas-
ured. From Fig. 1C it appears that the SirT1-expressing cells
possess reduced AcH3K9 (�3-fold) when compared with the
SirT1-Mut and control cell lines. H3K9 dimethylation and
tubulin, which served as a control, were unaffected in all cell
lines. The graph in Fig. 1D indicates a significant increase of
SirT activity in cells expressing wild type SirT1 compared with
SirT1-M and pHan (LSD, p � 0.05, 2.5-fold). These data indi-
cate that the ectopic SirT1 is active within these chondrocytes.
Interestingly, cells expressing SirT1-M displayed lower SirT
activity comparedwith control, suggesting that it acts in a dom-
inant/negative way as previously described (19, 20).
We next examined the effects of SirT1 on cartilage-specific

gene expression. RNAwas harvested and used in RT-PCR reac-
tions for markers of cartilage genes (aggrecan, collagen 2a(�1)

and 2b(�1), collagen 9(�1), and car-
tilage oligomeric matrix protein
(COMP)). Surprisingly, SirT1-ex-
pressing cells exhibited significantly
higher expression values than the
control cells (LSD,p� 0.05; Fig. 1E).
When the same analyses were per-
formed for SirT1-M-expressing
cells, it was clear that cartilage gene
expression was significantly re-
pressed as compared with the con-
trol cells (LSD, p � 0.05; Fig. 1F). In
all cell lines GAPDH remained
unaffected. As additional controls,
we assessed expression of the non-
lineage-specific genes collagen
1(�1), fibronectin, and NF�B (p65)
and found no changes in RNA levels
between pHan, SirT1, and SirT1M
cell lines (supplemental Figs. A and
B). Additionally, qPCR was carried
out on collagen 2a(�1), collagen
2b(�1), and aggrecan in the stably
transfected cell lines (supplemen-
tary Figs. I and J). These data show
collagen 2a(�1), collagen 2b(�1),
and aggrecan to be induced by SirT1
and repressed by SirT1-M.
To confirm that SirT1 had a pos-

itive effect on cartilage gene expres-
sion, transient expression experi-
ments and drug treatments were

also performed in low passage chondrocytes. A SirT1 expres-
sion vector was transiently expressed in chondrocytes. As
shown in Fig. 2, A and B, SirT1 protein levels and SirT activity
were markedly elevated in the transfected chondrocytes. Fur-
thermore, the ectopically expressed SirT1 is completely nuclear
as assessed by immunofluorescence (data not shown). Fig. 2C
shows significantly higher gene expression values for the indi-
cated genes in SirT1-expressing cells compared with the
pcDNA control (LSD, p � 0.05). qPCR analysis for transiently
transfected cells showed that collagen 2a(�1), collagen
2b(�1), and aggrecan were up-regulated by SirT1 (supple-
mental Fig. K). In a separate line of experiments, the chem-
ical resveratrol (1 �M) was added to chondrocytes to directly
activate SirT1 (19). As shown in Fig. 2D, this also resulted in
the up-regulation of cartilage gene expression. qPCR analy-
sis showed that aggrecan, collagen 2a(�1), collagen 2b(�1),
and aggrecan were up-regulated by resveratrol (supplemen-
tal Fig. L). Taken together, these results show that by either
transient overexpression or activation of SirT1, cartilage
gene expression is enhanced in human chondrocytes. For an
additional control we tested expression of the non-lineage
specific genes collagen 1(�1), fibronectin, and NF�B (p65) in
response to SirT1 transient transfection and resveratrol
treatment. No effect was found on gene expression (supple-
mental Figs. C and F, respectively).

FIGURE 2. Transient changes in SirT1 levels or activity alters cartilage gene expression. OA human
chondrocytes (P0) were transiently transfected with a SirT1 expression plasmid. Extracts generated at 3
days post-transfection were used in immunoblot analysis (A) or SirT activity assays (B). C, RNA isolated from
the transfected cells in A was used in RT-PCR assays with the indicated human primers. The graphs show
relative induction of gene expression (compared with control). D, P0 and P1 OA chondrocytes were
treated with resveratrol (1 �M) for 3 days at which time RNA was isolated and used in RT-PCR reactions with
the indicated human primers. E, OA chondrocytes (P0) were transiently transfected with a SirT1 siRNA, and
extracts were isolated and used in immunoblots for SirT1 and GAPDH (upper panel) or for assessment of
SirT activity (lower panel). CTL, control. F, RNA was isolated from the cells expressing the SirT1siRNA in E
which was used in RT-PCR reactions with the indicated human primers. G, OA chondrocytes were treated
with NAM (10 mM) for 3 days at which time total RNA was isolated and used RT-PCR reactions with the
indicated human primers. The graphs in F and G show relative repression of gene expression. The error
bars in the graphs indicate the S.D., and the statistical significance is indicated by an asterisk (*) (LSD, p �
0.05). The displayed immunoblots are representative of four experiments. RT-PCR was performed in trip-
licate for two experimental repetitions (n � 6).
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Inhibition of SirT1 Negatively Affects Cartilage Gene
Expression—To perform the opposite of the above experi-
ments, a SirT1 siRNA was transfected into chondrocytes to
lower SirT1 protein levels. As shown in Fig. 2E, SirT1 levels and
activity dropped by 3-fold after siRNA transfection. Fig. 2F
shows that reducing SirT1 protein levels significantly lowered
cartilage-specific gene expression (LSD, p � 0.05). qPCR anal-
ysis showed that SirT1 siRNA treatment repressed collagen
2(�1) and aggrecan (supplemental Fig. M). As a corollary to the
above experiments, chondrocytes were also treated with NAM
(10 mM), which is a direct feedback inhibitor of SirT1 (11, 12).
Fig. 2G shows a clear reduction in cartilage gene expression in
NAM-treated cells (LSD, p� 0.05). qPCR confirmed thatNAM
repressed expression of collagen 2(�1) and aggrecan in chon-
drocytes (supplemental Fig.M). In total these data indicate that
reducing SirT1 levels or activity had a profound negative effect
on cartilage gene expression. Furthermore, inspection of non-
lineage-specific genes collagen 1(�1), fibronectin, and NF�B
(p65) in SirT1 siRNA- and NAM-treated cells found no effect
on gene expression (supplemental Figs. D and E, respectively)

with the exception that SirT1
SiRNA-treated cells suppressed p65
expression.
SirT1 Interacts with Sox9 and

Enhances Transcription from the
Collagen 2(�1) Promoter—The
data above show that SirT1 posi-
tively regulates cartilage gene
expression. Because it is well
established that expression of
many cartilage genes is regulated
by the transcription factor Sox9
(1), it was hypothesized that SirT1
may interact with Sox9, thereby
enhancing its transcriptional
activity, possibly through deacety-
lation. To first determine whether
Sox9 was acetylated, it was
expressed in 293 cells (Fig. 3A, left
panel) and in human chondro-
cytes derived from OA patients
(Fig. 3A, right panel). It was then
immunoprecipitated (IP) with a
Sox9-specific antibody and then
immunoblotted in duplicate lanes.
Half the blot was incubated with a
Sox9 antibody, and the other half
was incubated with an acetyl-ly-
sine-specific antibody. As shown
in Fig. 3A, Sox9 is recognized by
the acetyl-lysine antibody, indi-
cating it is an acetylated protein.
To determine whether SirT1 and

Sox9 associate, 293 cells were trans-
fected with the SirT1 and/or Sox9
expression plasmids, and co-IP
experiments were performed. Sox9
was first immunoprecipitated from

the extracts, and the IPswere immunoblotted for SirT1 (Fig. 3B,
panel 1). The data show that SirT1 associates with Sox9. The
data in panel 1 also show that when only Sox9 was expressed,
endogenous SirT1 was able to associate with it (first lane in
panel 1). Next, SirT1 was immunoprecipitated, and the IPs
were blotted for Sox9. The data in Fig. 3B, panel 2 (note the
arrow) show that Sox9 associates with SirT1. Together these
data indicate that Sox9 and SirT1 are able to interact in vivo.
When Sox9 was immunoprecipitated from the extracts and

the IPs were blotted for acetylated lysine, a band was detected
(Fig. 3B, panel 3, first lane, note the arrow). Interestingly, when
SirT1was coexpressedwith Sox9, the intensity of the acetylated
Sox9 bandwas diminished (Fig. 3B, panel 3, third lane, note the
arrow). Densitometry scans of these bands indicate that the
amount of acetylated Sox9 was reduced by 3-fold when SirT1
was coexpressed.
The IP controls show efficient expression and immunoprecipi-

tation of both Sox9 and SirT1 (Fig. 3B, panels 4 and 5). Additional
controls demonstrated that Sox9 and SirT1 protein levels were
unaffected by coexpression in 293 cells (data not shown).

FIGURE 3. SirT1 associates with Sox9, modulates its acetylation status, and enhances transcription from
the collagen 2(�1) promoter. A, 293 cells and human P0 OA chondrocytes were transfected with the pcDNA
or Sox9 expression plasmids. Extracts were generated and used in immunoprecipitations with a Sox9 antibody.
The IPs were immunoblotted (IB) in duplicate lanes, and the blots were separated and probed with either a
Sox9 antibody or an acetyl-lysine-specific antibody. B, 293 cells were transfected with Sox9, SirT1, or both the
Sox9 and SirT1 expression plasmids. Extracts were generated and used in IP reactions with either a Sox9 or SirT1
antibody. Upper panels, the IPs were immunoblotted with either a Sox9, SirT1, or acetyl-lysine-specific antibody
as indicated. Lower panels, control immunoblots showing the levels of SirT1 and Sox9 along with GAPDH in the
transfected extracts. C, 293 cells were transfected with Sox9, SirT1, or pcDNA. The upper panel shows an IP for
Sox9 followed by an immunoblot for Sox9 as well as an IP for SirT1 followed by an immunoblot for SirT1. Middle
panel, the SirT1 and Sox9 IPs were incubated at room temperature for 3 h with either NAD or with NAM (1 mM)
and then electrophoresed and blotted with either acetyl-lysine- or Sox9-specific antibodies. The displayed
immunoblots are representatives of four experiments. Right panel, SirT1 consensus deacetylation site (11) is
compared with a putative site for deacetylation within Sox9 (amino acids 242–254). This site is similar to that
within histones H3(K19 and K14) and H4(K16). D, an outline of the collagen 2(�1)-promoter/enhancer lucifer-
ase construct utilized in the reporter assay. E and F, upper panels, SirT1 and Sox9 expression plasmids were
transfected as indicated with the collagen 2(�1)-luciferase construct in 293 cells and human OA chondrocytes
(hCh), respectively. The graphs show -fold induction of luciferase relative to the pcDNA control. G, upper panel,
the SirT1M and Sox9 expression plasmids were transfected, as indicated with the collagen 2(�1)-luciferase
construct in human OA chondrocytes. H, upper panel, the SirT1 and Sox9 expression plasmids were transfected
into human OA chondrocytes with the collagen 2(�1)-luciferase construct in the presence of 10 mM NAM. The
lower panels of E–H serve as control, where a cytomegalovirus-renilla promoter construct was cotransfected
into the cells as indicated. All luciferase analyses were performed in triplicate for two experimental repetitions
(n � 6).
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To further demonstrate that SirT1 may directly deacetylate
Sox9, 293 cells were transfected with Sox9 or SirT1, and the
individual proteins were immunoprecipitated (Fig. 3C, top two
panels). As in Firestein et al. (43), the IPs were then mixed
equally and then incubated with either NAD or NAM (SirT1 is
only active with NAD). The IPs were then electrophoresed and
immunoblotted for either acetyl-lycine or Sox9. As shown in
the bottom two panels of Fig. 3C, in the presence of NAD there
was a 3.5-fold reduction in the amount of Sox9 recognized by
the acetyl-lysine antibody, whereas the total level of Sox9 was
invariant. These data suggest that SirT1 is active in deacetylat-
ing Sox9 and is dependent on NAD.
As shown in Fig. 3C (right side), the sequence spanning res-

idues 242–254 of Sox9 corresponds approximately to those

predicted by Blander and Guarente
(11) to be a consensus SirT1
deacetylation site. This site does not
represent the nuclear localization
sequence of Sox9 and is outside the
high mobility group DNA binding
domain. Current efforts are under
way to determine whether lysine
residue 249 is acetylated, and, fur-
ther, if it is a target of SirT1.
To determine the functional con-

sequences of the Sox9/SirT1 associ-
ation, studies were performed with
the collagen 2(�1) promoter/en-
hancer linked to luciferase (21), as
this is awell knownSox9-responsive
gene (1). 293 cells were transfected
with the SirT1 and/or Sox9 expres-
sion plasmids in the presence of the
collagen 2(�1)-luciferase construct.
An outline of the collagen 2(�1)-lu-
ciferase construct is presented in
Fig. 3D. As shown in Fig. 3, E and F,
for 293 cells and human OA chon-
drocytes, respectively, SirT1 alone
did not affect transcription from
collagen 2(�1) promoter, whereas
Sox9 alone was able to activate tran-
scription in human chondrocytes.
When both SirT1 and Sox9 were
coexpressed, they were able to
transactivate the promoter�4-fold,
which was found to be statistically
significant in both cell types (LSD,
p � 0.05). As a control, the cyto-
megalovirus promoter expressing
the renilla reporter gene was not
affected by Sox9, SirT1, or
Sox9�SirT1 (Fig. 3, E and F, lower
graph panel). As an additional con-
trol, human chondrocytes were
transfected with SirT1 mutant
(H355Y) expression plasmid in the
presence or absence of the Sox9

plasmid (Fig. 3G). The mutant was unable to transactivate the
collagen 2(�1) promoter. In a separate experiment human
chondrocytes were treated with 10 mM NAM (a repressor of
SirT1, Fig. 3H).
The results show a reduction in the transcription of collagen

2(�1) in the presence of 10 mM NAM. In fact, as shown in Fig.
3H, in either the presence or absence of exogenous SirT1,NAM
is able to block the transactivating ability of Sox9. Overall, these
data suggest that active SirT1 is required for transactivation of
the collagen 2(�1) promoter/enhancer.
Wild-type SirT1, but Not the Inactive SirT1 Mutant, Targets

GCN5, p300, and PGC1� to the Collagen 2(�1) Promoter—Be-
cause SirT1 and Sox9 interact in vivo and affect transcription
from the collagen 2(�1) promoter, ChIP analyses were used to

FIGURE 3—Continued
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determine whether SirT1 is targeted to regulatory regions in
the collagen 2(�1) gene. Fig. 4A outlines the promoter sequence
as well as the Sox9 binding site (enhancer) within the first
intron of the collagen 2(�1) used in the ChIP analysis. The Sox9
binding site spans the 48-base pair sequence �2364 to �2412
in the human collagen type 2(�1) first intron, which is required
for cartilage-specific transcription (1). Nucleotide positions are
as per Bell et al. (22).
The ChIP assays were performed on the pHan-, SirT1-, and

SirT1-M-expressing chondrocytes. Using a SirT1-specific anti-
body in the ChIP analyses, a PCR product encompassing the
Sox9 enhancer site was significantly elevated in the SirT1 and
SirT1-M cells relative to the pHan control (Fig. 4B), indicating
that the SirT1 and SirT1-M proteins are targeted to this site in
vivo. Also, an antibody to RNA polymerase produced an equal
signal in the PCR reactions for the GAPDH promoter in the
three cell lines, whereas the IgG control produced no signal
(Fig. 4B). To confirm that SirT1was immunoprecipitated in the
ChIP assay, the precipitates were immunoblotted and probed
with a SirT1 antibody. Fig. 4C confirms SirT1 and SirT1Mwere
precipitated in the corresponding cells lines.
To better elucidate the mechanism by which SirT1 transac-

tivates collagen 2(�1), we investigated additional potential
effectors such as histonemodifying enzymes in theChIP assays.

As shown in Fig. 4D (right panel), SirT1 and SirT1-M are
enriched on the enhancer sequence when compared with the
levels in the control cells, correlating with the interaction of
SirT1 with Sox9. Furthermore, active SirT1 appears to recruit
the transcriptional coactivators PGC1� and GCN5 to the
enhancer site as cells overexpressing SirT1 have markedly ele-
vated PGC1� andGCN4on the enhancer relative to the control
and SirT1-M cells. SirT1-M moderately increases the level of
PGC1� on the enhancer, which may be due to the fact that
SirT1 and PGC1� are known to interact (37). However, that
wild-type SirT1 leads to a 5-fold increase in PGC1� on the
enhancer compared with SirT1-M argues that active SirT1 is
necessary for optimal recruitment of PGC1� to this site. In total
these data indicate that active SirT1 can direct the targeting of
PGC1� and GCN5 to the enhancer. ChIP analysis of the pro-
moter sequence (Fig. 4D, left panel) shows that wild-type
SirT1, but not the mutant SirT1-M, is targeted to the pro-
moter sequence. Furthermore, PGC1�, GCN5, and p300 are
enhanced on the promoter sequence but only in the cells
expressing active SirT1. These data indicate that PGC1�,
GCN5, and p300 are recruited to the promoter by active SirT1.
When histone modifications were assessed by ChIP analysis

on the promoter region, as shown in Fig. 4E (left panel), it was
clear that AcH3K9/K14, AcH4K5, and 3MeH3K4 levels were

FIGURE 4. Enzymatically active SirT1 recruits GCN5, PGC1�, and p300 to the collagen 2(�1) promoter and elevates histone modifications at this site.
A, the collagen 2(�1) promoter and enhancer positions used in ChIP assays are indicated (black bars). B, chondrocytes stably expressing SirT1, SirT1-M, and the
pHan control were processed for ChIP analyses using antibodies for SirT1, GAPDH, and an IgG control. PCR was then performed with primers flanking the
enhancer within the collagen 2(�1) first intron (SirT1 IP). In the right panel, as an additional control, RNA polymerase II was immunoprecipitated, and the GAPDH
promoter was amplified. The RT-PCR products shown are representative of three separate experiments (n � 3). C, protein extracts generated from the ChIP
analyses were immunoblotted with SirT1. SirT1-Ext indicates protein extracts isolated from SirT1 stably expressing cells. D and E, ChIP analyses as in B using
primers for either the enhancer or promoter sequence of collagen 2(�1) were carried out with the indicated cell lines. The chromatin was immunoprecipitated
with antibodies specific for SirT1, PGC1�, GCN5, PCAF, p300, and Sox9 (D) or antibodies specific for AcH3K9/K14, AcH4K5, and 3MeH3K4 (E). The DNA products
were amplified by quantitative PCR. An IgG control for D and E showed no PCR product and was subtracted from the equivalent antibody ChIP value. The error
bars in the graphs indicate the S.D., and the statistical significance is indicated by an a (SirT1 compared with pHan) or b (SirT1-M compared with SirT1-M) (LSD,
p � 0.05). The displayed immunoblots are representative of four experiments. qPCR was performed in triplicates using IPs from 2 distinct cell lines.
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increased within the promoter in the SirT1-expressing cells
compared with the control and SirT1-Mutant cells. These data
would indicate that the recruitment of PGC1�, GCN5, and
p300 enzymes to the promoter has a functional outcome of
enhanced histone acetylation. We have yet to identify the his-
tone methyltransferase that leads to an increase in 3MeH3K4.
ChIP analysis on the enhancer region (Fig. 4E, right panel)
showed an increase in AcH4K5 but no change in AcH3K9/K14
or 3MeH3K4 in the SirT1 cells. These data in total indicate that
through recruitment of activator/coactivator proteins, SirT1
enhances acetylation and methylation of critical histone resi-
dues primarily in the region of the promoter. These enhanced
histone modifications appear to require active SirT1 as the
SirT1 mutant does not affect histone modification.
Inhibition of NAMPT Reduces Cartilage Gene Expression—An

important aspect of SirT1 function is the requirement of NAD
as a cofactor enzymatic activity. NAD is typically thought to
arise from oxidative phosphorylation, which occurs at low lev-
els in human chondrocytes (13). A separate mechanism to gen-
erate NAD is via the NAD salvage pathway (14, 15). Fig. 5A
outlines NAD generation from NAM by the salvage pathway
enzymes NAMPT and nicotinamide mononucleotide adenyl-
transferase. Because NAMPT is thought to be rate-limiting in
the reaction (16), we tested whether NAMPT plays a role in the
regulation of cartilage gene expression. The NAMPT-specific
inhibitor FK866 was, therefore, used on low passage chondro-
cytes. FK866 blocks the activity of NAMPT leading to a reduc-
tion in NAD levels and an elevation in NAM in vivo (23).When
NAD was assessed in FK866-treated chondrocytes, it was
apparent that the inhibitor lowered NAD levels by 43% (LSD,
p � 0.05; Fig. 5B), and SirT activity levels were reduced by
5-fold (Fig. 5C). When cartilage-specific gene expression was

examined, as shown in Fig. 5D, the levels of aggrecan, collagen
2a(�1), and collagen 2b(�1) dropped significantly (LSD, p �
0.05) in the FK866-treated cells.
To further support these findings, a siRNA approach was

utilized to lower NAMPT levels. As evident in Fig. 5E, transfec-
tion of the cells with an NAMPT siRNA led to a reduction in
protein levels by about 3-fold (LSD, p � 0.05), whereas the
GAPDHprotein control was unaffected. SirT activity andNAD
levels in NAMPT siRNA-treated cells significantly dropped as
compared with the control siRNA-treated cells (LSD, p � 0.05;
Fig. 5, F and G, respectively). Finally, when cartilage-specific
gene expressionwas examined, as shown in Fig. 5H, the levels of
aggrecan, collagen 2a(�1), and collagen 2b(�1) dropped signif-
icantly in NAMPT siRNA-treated cells (LSD, p � 0.05). As
additional controls, we assessed expression of the non-lineage
specific gene collagen 1(�1), fibronectin, and NF�B p65 in the
FK866 and NAMPT siRNA-treated cells and found no changes
in RNA levels (supplemental Figs. G and H, respectively). In
total these data indicate that NAMPT plays a positive role in
regulating NAD levels, SirT activity, and cartilage-specific gene
expression in human chondrocytes.

DISCUSSION

SirT1 was originally defined as a silencer of gene expression
(11) and has been demonstrated to negatively affect transcrip-
tion via deacetylation of both histones (18) and transcription
factors, e.g.MyoD, p53, andNF�B (19, 20, 23, 25). It was, there-
fore, initially expected that SirT1might act in a negative capac-
ity in OA human chondrocytes to repress cartilage-specific
gene expression. To test this hypothesis, we analyzed the effect
of SirT1 expression on chondrocytes isolated from adult
human OA articular cartilage. In both transient and stable

FIGURE 5. Inhibition of NAMPT leads to a reduction in NAD levels, SirT activity, and cartilage-specific gene expression. A, generation of NAD from NAM
by the salvage pathway enzymes (nicotinamide mononucleotide adenyltransferase (NMNAT) and NAMPT). OA chondrocytes (P0) were treated with NAMPT
inhibitor FK866 (50 nM) for 2 days. Cell extracts were generated and used in an NAD/NADH assay (B) or a SirT activity assay (C). NAD levels and SirT activity was
carried out in triplicate from 2 different cell lines (n � 6). D, total RNA was isolated from the cells treated as in (B and C) and was used in RT-PCR reactions with
the indicated primers. The graph shows relative levels of gene expression. E, OA chondrocytes (P0 and P1) were transiently transfected with a NAMPT siRNA. Extracts
were isolated at 2 days and used in immunoblots for NAMPT or GAPDH (upper panel). The lower panel shows NAMPT protein levels from the immunoblots. Extracts
generated from the cells in E were used to determine NAD levels (F) and SirT activity (G). H, total RNA was isolated from the cells in E, which was used in qPCR reactions
with the human primers. qPCR was performed twice using 2 different cell lines (n � 4). The graph shows relative levels of gene expression. Statistical significance is
indicated by an asterisk (*) (LSD, p � 0.05). The displayed immunoblots are representatives of four experiments. CTL, control.
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expression assays we find that elevation of wild-type SirT1 lev-
els enhances cartilage-specific gene expression. Collagen 2(�1),
collagen 9(�1), and aggrecan mRNAs were significantly ele-
vated by SirT1, whereas other non-lineage-specific genes
remained unchanged. Furthermore, when SirT1 activity was
enhanced by the addition of the chemical activator resveratrol,
cartilage gene expression was also increased. In contrast, when
SirT1 activity was blocked by the chemical inhibitor NAM or
when SirT1 levels were decreased by a SirT1 siRNA, cartilage
gene expression was decreased. Taken together, these results
indicate that SirT1 is a positive regulator of cartilage-specific
gene expression in chondrocytes. It should be noted that in
these studies we saw no evidence of a toxic effect of SirT1
expression on chondrocytes. Cells expressing SirT1 grew nor-
mally and showed no sign of elevated apoptosis.
In contrast to the effects of wild-type SirT1 on cartilage gene

expression, the inactive mutant SirT1-M repressed expression
of these same cartilage genes. Thus, this mutant appears to act
in a dominant/negative fashionwith respect to gene expression,
similar to previous reports regarding cell survival and caloric
restriction (19, 20). It is possible that SirT1-M interferes with
the activity of the endogenous enzyme. If themammalian SirT1
forms homotrimeric complexes similar to the yeast enzyme (26,
27), the SirT1-Mcould complexwith the endogenouswild-type
SirT1, resulting in trimers possessing reduced activity, thereby
negatively effecting cartilage gene expression.

Because SirT1 has no inherent
DNA binding ability, it was thought
that its effect is mediated through
Sox9 transcription factor, which
regulates expression of many carti-
lage-specific genes (1). Indeed,
coimmunoprecipitation experi-
ments demonstrated that the two
proteins associate in vivo and that
only active SirT1 can transactivate
the collagen 2(�1) promoter/en-
hancer and only in conjunctionwith
Sox9. Consistent with this observa-
tion, SirT1 appears to deacetylate
Sox9. Therefore, Sox9 appears sim-
ilar to a growing number of other
transcription factors, such as p53,
NFkB, MyoD, and FOXO, in that it
can be modified by acetylation/
deacetylation. By ChIP analyses it
was clear that SirT1 is targeted to
both the Sox9 enhancer site and to
the promoter region of the collagen
2(�1) gene. Its positioning at the
enhancer is likely due to its associa-
tion with Sox9.
SirT1 targeting the promotermay

depend on an association with a
promoter-specific transcription
factor such as Sp1, which is known
to bind to collagen 2(�1) promoter
sites (29, 30). It is also possible that a

looping mechanism, as outlined in Fig. 6, places enhancer-
boundSirT1next to the promoter (31). Importantly, expression
of wild-type SirT1 in chondrocytes leads to the recruitment of
theHATs (i.e.GCN5 and p300) to the collagen 2(�1) promoter.
GCN5 and p300 are two histone acetyltransferases that are
known activators of transcription (2). Also, p300 has been dem-
onstrated to interact with Sox9 and enhance collagen 2(�1)
transcription (32). Thus, the association of GCN5 and p300 on
the collagen 2(�1) promoter is consistent with enhanced acety-
lation of H3K9/K14 and H4K5 at this site in the SirT1-express-
ing cells. In addition to histone acetylation on the collagen
2(�1) promoter, we also observe enhanced levels of 3MeH3K4,
which is an essential histone modification for transcription ini-
tiation and indicates that histone methyltransferases are also
targeted to the promoter. Importantly, these chromatin marks
(AcH3K9/K14, AcH4K5, 3MeH3K4) are present near the tran-
scription initiation sites of most actively transcribed genes (2,
33–35) and are in line with the elevated transcription of the
collagen 2(�1) gene by SirT1.

In addition to GCN5 and p300, PGC1� was also detected in
both the collagen 2(�1) promoter and enhancer regions.
PGC1� is a transcriptional coactivator known to associate with
both Sox9 (36) and SirT1 (37, 38) and has been shown to
enhance collagen 2(�1) transcription (36). Interestingly,
PGC1� has been shown to be affected by acetylation (47).
GCN5 can associate with PGC1� and acetylate it, thereby inac-

FIGURE 6. Suggested model for the transcriptional activation of collagen 2(�1) by SirT1. A, PC1� and p300
are required for Col2 transcription and are known to interact with Sox9 (36, 44). GCN5 is known to acetylate and
inactivate PGC1� (45), whereas SirT1 has been shown to bind, deacetylate, and thereby activate PGC1� (38, 46).
The association of SirT1 with PGC1� and Sox9 and the subsequent deacetylation of both proteins may aid in
the activation of PGC1� and the assembly or recruitment of p300 and Sp1 to the promoter via a looping
mechanism. It remains to be determined whether deacetylation of PGC1� is the critical step in recruitment of
proteins to the promoter as previously suggested by Rodgers et al. (47). Both p300 and GCN5 have the capacity
to acetylate the critical histones on the promoter (Nuc, nucleosome). B, chondrocytes stably expressing SirT1
and the pHan control were processed for ChIP analyses using antibodies for the transcription factor Sp1. PCR
was then performed with primers flanking either the promoter or enhancer within the collagen 2(�1) gene. The
DNA products were amplified by quantitative PCR. An IgG control showed no PCR product and was subtracted
from the equivalent antibody ChIP value. The error bars in the graphs indicate the S.D., and the statistical
significance is indicated by an asterisk (*; LSD, p � 0.05).
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tivating it (45). SirT1 can reverse this modification and by
deacetylation lead to PGC1� activation (38, 46). Thus, SirT1
and GCN5 act in opposing ways (47) to regulate PGC1� activ-
ity, as outlined in Fig. 6A. SirT1-mediated deacetylation of Sox9
and PGC1� may, therefore, be one of the first critical steps in
transcription of collagen 2(�1).
Our ChIP findings demonstrate that the inactive mutant

SirT1H355Y was not able to recruit these activators/coactiva-
tors to the promoter, indicating that enzymatic activity of SirT1
is essential for this assembly function.We suggest that the asso-
ciation of SirT1 with PGC1� and Sox9 on the enhancer in col-
lagen 2(�1) functions via a looping mechanism (Fig. 6A) to
recruit the activator p300 and the transcription factor Sp1 to
the promoter. Both p300 and Sp1 are needed for optimal colla-
gen 2(�1) transcription (30, 44). That Sp1 is targeted to the
collagen 2(�1) promoter is revealed by the ChIP assay. We find
that Sp1 shows significantly enhanced binding to the promoter
in the presence of SirT1 (Fig. 6B). Thus, SirT1 is able to recruit
activators, coactivators, and a transcription factor to the colla-
gen 2(�1) promoter. p300 and GCN5 would then be likely can-
didates to acetylate the promoter-associated histones H3 and
H4, necessary for transcription initiation. One likely prediction
from these studies is that p300 and/or Sp1 may have a higher
affinity for deacetylated Sox9 and PGC1�, which remains to be
determined.
Because NAD is required for activity of SirT1, we also inves-

tigated the effect of the rate-limiting salvage pathway enzyme
NAMPT (17) on cartilage-specific gene expression. Blocking
NAMPT by either the specific inhibitor FK866 or NAMPT
siRNA resulted in a reduced NAD levels, SirT activity, and
chondrocyte-specific gene expression. This would suggest that
NAMPT is critically involved in themaintenance of NADpools
and that it indirectly affects cartilage-specific gene expression
through SirT1 activity. Furthermore, in our preliminary studies
comparing knee articular cartilage from normal and OA
patients, we observed an elevation in SirT1 levels and a decrease
NAMPT levels in normal versusOAsamples (supplemental Fig.
O). This may suggest that certain aspects of OA development
are due to an imbalance in SirT1 and NAMPT.
In conclusion, the data presented here show for the first time

that SirT1 plays a positive role in the regulation of cartilage-
specific gene expression in human articular chondrocytes and
that at least for collagen 2(�1) promoter SirT1 activates tran-
scription by recruitment of a number of activator/coactivator
proteins. Furthermore, our data show a strong supporting role
for the NAD salvage pathway enzyme in SirT1-mediated tran-
scriptional activation.
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